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/5-/ Y 2. 
Cells that were placec' on a 35 - 65 minute aucoBetic cycle of 

a SOX depth of discharge ham roached 4634 cycles. The mambry effect 

wm obsexvecI, and overcoax! by tho methods. 

The tbaory of oxygen reduction michamism given in the previous 

report  has bean substantiatad by other experinmnzs. This thorp deds 

with an H atom mechanism. According t o  8 recent publication, the H atoms 

nre i n t e rae f t i a l  in  t b  XU matrix. 

p e r h n t a l  findings. 

of there findings . 

The theory is consistent with 11 ex- 

the elsctrochepoical theory is c o ~ i s t e n t  with half 

C e l l  efficiency studies were continued. The past work deals 

eeren t ie l ly  with a pdsaivation effect .  

controlled potuntial  charging, En\d related, deacriptiPely, to  the cam- 

Thio e f f ec t  was studied with 

stant  current charging. 

thr poaitiwts before the onset cf pa6mivation. 

of porous N$ b d 5 e s  e8 the cathcdea. 

Work w&s a160 done on the charge %ffiCir%RCg of 

'€his was done by the us@ 
&cezL-fL 
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A s e t  of V70-6HS ccl le  that was placad cm an rt\xtmat,fc 501c 

%his depth cycle August 20,  1962, hms completed over 4600 cyc'licer. 

cycle COPB i o ta  of 8 35 minute discharge et  5 I5 anperas or 3 0 ampe:ic9 

houri, followed by a 55 urfrmCe charge at 3.86 ~~f%wres, which correa- 

ponds to can 18% overcharge bared on the capacity rt.mved. 

and temperature of a typical cell  LOT@ p%st€ed i u  Figure 1 for cycle 

oumbar 4634, 

in an anwirolllmarnt where convection currmte are restricted. 

The v o l t ~ q ~ ~  

fi@ tanperatura shewn is the akfn tempreturca of the cell 

Figure 2 is a plat  of end-ofLchorge end and-of-diucharga vo%t- 

ages vertsua cycle mmbr. 

i'rom the frrst cycle of the day. *re %IS sontinuoua increasing of 

tho ad-of-chat* voltage and a continuous decraaee in the end-of-d:.r- 

Theca ara average values ca%cuLaead each dcy 

cbergs voltage. 

diff iculty with  ehe relay on the charge circuit, but since t h i s  has bcen 

Zfxed, the snd-sf=diochrgre voltage h a  stabilized at slightly above 

L,oO volts, Xr: iw impossible with thj.8 cycbs to reduck the end=chf-ch.a-ge 

voltage wiahouc: Powering th@ end=of-diacharga voltage coo. &catlee of 

Between 3800 and 4000 cycles there w ~ b  acme mechanxr,l 

1 
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sirstor to 0.1 volt, i h a  given a dead short for two hours, followed by a 

C/10 charge for 24 hours, the fu l l  capercitty fs u~ually recovered. 

second auch trerntnanf has elwayo resulted in recovery of the f u l l  cup- 

acity. 

A 

The two experimental V P 6  FlS calls which were removed fraa a 

7OZ depth of discharge cycle due to high pressure were checkad for cap- 

acity. 

After the above raentionad treetmnt, the apacItLc8 were 6.5 a d  6.6 

amper. hauro rerpetctively. After e second treatmat follaved by a C/ZO 

overcharm for 7 days, the capacities were each 7.6 ampere hours and 

the overcharge preasurer were lo86 than 10 p i g .  

The capacities were found to be 3.63 rad 4.8 ampere hours. 
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%'he effect of oxygen on reference electrodes was such 8% to 

alter a l l  resu l t s  from quaatieat2ve data into descriptive work. 

were mu& t o  find sui table  reference electrodes. 

appear8 su i tab le  for a limited t*h8. 

Attempts 

A &/E@, KOR electrode 

'the nickel ai& electrode when ful ly  charged does show a 

dependence upon oxygen pressure, which makes B reference elec- 

trode of thla material suspect. The Cd electrode a l so  e h m  a 
6s7 8 

potent ia l  dependance on oxygen pressure . Jaap and Xves have 

revieved the use of rebrence clactrodes In alkalim solutions,  

a d  do not report any suftable under the c x p e r h n t a l  conditions 

ex is t ing  i n  sealed alkalirr, bat te r ies .  

however, tha t  the -/Xi@ electrode may yield reproducible p t e n -  

*re io the possibility, 

tialrr i n  80 far a8 oxygen %fa concernad. Thus, an inw&stigation 

was r t a r t ed  on these reference electrodas. 

1. Blank C e l l  Studies of Pressure-Voltage Relatiopohip 

'zh. cells used were described praviously. TWO seta of 

data  are being reported. 

nickel hydroxide a d e a  end blank cathodes. 

One set pertain8 eo a -11 having 

The other per- 

tains to a cell with silver auodes and blank cathodes. 

AgzO silver-blank c a l l  wa6 operated at the Ag 

voltag.  plateau. 

There cell8 were f i l l e d  with oxygen and than allowed to  

stand for a t  least 15 minutes to ewure  no change of oxygen 

pressure with eime. 

ponded to a C/10 ra te  (600 ma) rand pressure and voltage 

%e charge was etarted which corre8- 

were recorded. It is assumed t ha t  the anode8 cou28 serve 
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aa reference electrodes. 

assumption may be invalid, and fs the reason for the work 

on refersnce electrodes. Another objection t o  the useful- 

m88 of t h i s  technique is that polarization may obscure 

the change8 i n  potential. 

It showed rhat t h i s  particular 

%is may be teetad by taking our 

data even after the pressure in the cell is increasing and 

hydrogen is being produced. 

While hydrogen is being produced, the unimpregneted 

nickel electrode is expected to behave as a hydrogen elec- 

erode. aha theoretical slope of log P vn E for a hydrogen 

electrode is 30 all. 

Examples of datu are sham i n  Figures 3 and 4 for the  

silver-blank cell ami in Figures 5 and 6 for t\po 101 (OR)2- 

blank cells the calculated slopes are i d i c s t e d  in  the 

Figurer. 

from 176 to 665 mV compared to  a theoretical value of 15mV. 

For the oxygen conemaption region these range 

In the hydrogen evolutlon region the slopes range from 20 

to 57 mV averaghg 38 nV. 

differsnr frog the theoretical slop of 38 mV. 

work w i t h  more suitable reference electrodes is required t o  

make t h i s  work more quantitative. 

The average @lope is not too 

Additional 

5 
D t h d t  and von Dohren have performed work which may 

be subjected to the 8- analysis. 

of this  reference. 

Pn Figure 7. 

in this work, is fouad t o  be 233 mV. Z%iS vdue is in sub- 

It i a  given in Figure 5 

Thefr data were replotted and is 8hcrnr 

The best slop,  88 also used w i t h  Ehe data 
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s t a n t i a l  agreemolt with our 

aiAd again is much different 

15 mV. 

lower aalws of 176 and 186 mV, 

frm che ttioretieal value of 

DehmPt and his co-worker used a Gd/Cd(OH)t  electrode 

for  reference potentials. Because of the e f fec t  of oxygen 

on the potential of t h i s  electrode, th i s  gork is also dee- 

cxiptive ra ther  than quantitative. The importance of the 

reference electrode 6tudie8 ia emphasized by the inability 

to make quantitative observationa on the electrodes while 

they cousuam oxygen. 

reference electrode changes its potential  in the 8- manner 

BE) the b%& electrodes, the 810p w i l l  be i n f i n i t e  for the 

uncorrected me~~uremsaf8. The large values found may be 

due to th is  error. The f ac t  t ha t  when thc electrode evolves 

hydrogen, it behaves as a hydrogen electrode lightens the 

burden of suspicion on the silver and H i ( 0 I i )  electrodes. 

The quartion, hamwar, remains unreeolved at  t h i s  time. 

The value of ths mthod is 8tro~gIy indicated. 

It should be pintad  out t ha t  i f  the 

2 

2. %he Hg;/HgO(C) Paetsd Electrodes 

a. Exper imtntal Procedure 

Six Eg/HgO rehrence electrodes numbered V-4 - V-9 

were prepared as follows: 

91-6: 

cel l  w m  pasted on a nickel plated steel grid.  

lead consisted of a nickel wire connected to  the gr id  

mchanicallly by twisting. 

was them wrapped in  a small piece of Pellon V aeparertor 

€Q 0 HgO .. graphite-water mixture from a mercury 

The 

The grid end pasted mixture 
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and edge coated with polystpvrae io methyl-ethyl ketone 

for PO- strength. 

V5 and V-6: 

as was the load wLrc bn each case. 

ture  w b ~  then pasted and preraed on to the grid under 

a pressura of 15 tons. 

coated with the same lacquer 88 V-4: 

V-7 and V-8: 

case of V-7, a c i rcu lar  hole wa8 made by scraping off 

the si lver until  the X-mor shared. 

an e n t i r e  side of the s i n t e r  was scraped off. 

leads wkee were then soldered t o  each s in te r .  %%e 

sinters were firat prepared by amalgamating them fn a 

0.05 M acidified Piarcuric chloride solution. Then the 

sinters were pasted, praesed and lacquered i n  the 8ane 

manner ao V-5 crad V-6. 

V-9: 

oxide-water m i x  wcs ueed. 

'phe pesecld electrodes wefa 5.mmersed in a beaker cell 

containing 40% aqceous potasshn hydroxide. 

trogen (talcenas ci; atmosphere8 O,>, caspressed sir 

(0.2 atmosphere Oa> and tank oxymn (one atslosphere 02) 

were pmaad in  turn continuously tho@ the electro- 

'Ehe edges of B nickel grid were soldered 

The 8- type mix- 

The edgea of the electrode were 

Silver s i n t e r s  were used 86 grldr .  In the  

In the case of V-8, 

Silver  

Same ss V-7, except t ha t  8 mercury-red raercurlc 

Tank ni- 

L ,  - 

l y t e  i n  the beaker cell. 

eal t  b r idm from 6; 8 t d S d  EgiBgO reference cell iQ 

order to prevent the gaer parges farm affect ing the 

'%his cell w a  isolated by a 

I 
L 
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standard. "he chailges in potenttala of the s ix  t e e t  

elcctrodse with  t h e  under each purge conditian were 

measured . 
b. Eacperhntal Results 

A l l  of tha electrodes, except V-7 and V-8 were uno 

s tab le  and deteriorated on st&nd%ng i n  KOH. 

qwnt ly  V-7 snd V-8 were aa'lacted as useful c e l l  ref- 

Come- 

erence electrodes. rtre rate of change of voltage with 

pressure was found to be 0.01251 a t  1 atmosphere, (Sam Fig. 8) 
a&. 

B. RIMELAGS 

In contrast  t o  tha lag P versus E work, the timc l ag  study 

io d i f in i t l ve  in several rcsapectta. F i r s t ,  there is no doubt 

about the experimental data ,  and second, it provides a unique 

d i f fe ren t ia t ion  between a chsmicaf. end electrochemical mechanism. 

The theory which is t o  be subataqtieted states t h e t  oxygen 

is reduced by atomic hydrogen i n  the nickel grid, or on it. 
9 

recent paper pravides proof of tnters tLtfa1 hydrogen i n  Ni . 
A 

If oxygen its added t o  a cell tha t  contains porous IF bodice a8 

cathodes, and the hydrogen atoms are reinoved from the M i  by 

waiting u n t i l  the prerrare 110 longer drops, it ia reasonable 

t o  assume t ha t  tb lbli is clear of I! clams. 

When oxygen is present over clean nickel,  and current is 

paseed,thraugh to make the nickel cathodic, several  capto8 may 

occur. 

pects the pressure decay to be fnatmtaaeous with current. 

_ - -  
If the O2 is reduced electrochemically, then one ex- 

Also, when the current is interrupted, the oxygen pressure 
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ehould no longer decay. Om the other hand, the chemical 

theory advanced here requires that hydrogen atoats f i r a t  be 

put into the nickel, and the oxygen consumption r a t a  is de- 

pendent upon the degree t o  which the atoms are i n  the nickel. 

Since the surface is or iginal ly  clean, then the instantaneous 

rate should be zero and slowly buPld up t o  scums steady r a t a  

of consumptfon. A tirre lag is therefore predicted by the 

theory. 

Continuing thie  argrmant, when the current is interrup&ed 

there w i l l  be 80me conccatratlon of H atoms i n  the !Vi correa- 

ponding to  the steady state coverage. It is therefore predfcted 

by t h i s  theory that even a f t e r  current interruption, oxygen w i l l  

be consumed a t  a decreasing rate u n t i l  the H i  is again free of 

H atam. 

These artperiPaoats w e r e  run i n  the blank cells with the oxygen 

preseure set a t  4.4 atmospheres. 

are given i n  Table 3, 

cienely eeaait iva since imperceptible auovmenta of the d i a l  

could occur instantaneously, and the r e su l t s  may be an error of 

judgement. 

Such delays were found and 

'this tschnique wae not considered aufft-  

A finer etxperhent waa therefore designed, 

The refined experiment consi8ted of reducing the oxyggan 

preesure in the cell to barometric pre8,sare and attaching a 

1 ml graduated pipet. 

semtcc me ern indicator. 

The pipet had a drop of water i n  it t o  

me p%pet w m  kept horizontal. 

When the currentwae started, approximately 10 to 20 set- 

onde elapsed before the water colrrma s ta r ted  to mwe. ma, 



current was interrupted when the water column ~ ~ 1 8 1  -near the 

end of Phe graduatiane (0.9 ml). The water column continued 

to move off scale, a d  deftnits motfon was perceptible for 

about 90 s@conde after currant int@rruption. 

C. PEROXIDE TEST 

This test i a  a very delicate one, and involves the oxida- 
44 

tion of Ti by hydrogen peroxide, whieh is thought to yield 

peroxytitanic acid by 8am3 w o r k e r s .  n e  proxy-acid imparts 

a yellaw t o  red color in tbe presence of peroxide, depewling 

upon ttm concentration of ~ i ~ .  

in acid or even meutrrel solution. 

 he test reactiorr proceeds 

Prom data  given by W11+ 10 

tbQ 8@U6igiVity Of the e6t8g W 8 1  C d C d a t e d  to ba 0.4 peg 

which corresponds t o  1.25 x lo0% as%. 

A 0-03 M titanium su l fa te  teat aolution vaa prepared i n  1 Eil 

One drop of t h i 8  801Ut$011, when added to a 0.596 hydrogen Bel. 

peroxide blank in lN 1x1 changed the blank from colorless t o  

d i s t i n c t  araber. 

waa pressurized to 50 pslg w i t h  oxygen end placed on 58 charge 

for 1 hour. 

3 m i n u t e s ,  the call w a s  opexted, a negative electrode was stripped 

from tbs cell etack and plunged into a solut ion containing t w i c e  

the amount of acid needed t o  neutralism Ehe KOE on the electrode. 

Within four minutes, EO m l  of titanium sulfate test solution was 

added. 

Then as VO-6 hemet ica l ly  .sealed Hi-Cd cell 

%!ha cell 01- taken off charge, and within the next 
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Results: Under theae conditions, peroxide should h m  been 

formed rad detected, if  the necersary reaction with 

Ti otcurrsd. The peraide test was aagative. 
44 

This test could detect  0.4 p p  %02. The O2 con- 

sumption Ls equivalent to 0.001 mole 502. 
lu t ion  by neutrebizatioa, the concentration of l$Oz 

should be about 9,0007 mlcn or 3 ppm. Since €$Oz 

Sa not stabla in a 1 k a l h  solution, the lreanlng of 

the, uegative resilt can not be interpreted u n t i l  

Upon di- 

a~te~ur-ats of the rate of 502 d e c a m p i t i o n  are 

and campared t o  the 3 miuutar elapsed tlm be- 

tween ineerruptian of charge ard wutra l iza t ion .  

D. DISCUSSION 

For a proposition of oxygen reduction v i a  an electrochemical 

proteea, one needs to  find the product i f  it is unique. In this 

c a m  peroxide, aot in the cell  normpllly, is required t o  substan- 

tiate th i s  hypothe8is. No peroxid+ was found within the detec- 

t ion  llmits of tha t i tanate  tart.  

Secondly, 8n elactrochemic81 procees also require8 a Bemet 

type relationship between ehe logarfthm of oxygen pressure and 

potential  having a elope of 15 mV. While the slope! actually 

found ir much different from t h i s  value, concurring with Dehnelt 

atad von Dobrea'o cxperhtenZa1 resu l t s ,  it only leads t o  u BUS- 

picion tha t  a depalu i ra t ian  process is occurring by chemical 

reaction rather than by un electrochemical proce88. In order 

t o  substeat iut t  thi8 suspicion, one weds sui table  referance 

electrodes, the behavior of vhich in the pressure a€ oxygen 
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and hydrogsn is known. 

Thie work on the time lag8 is definitive. Only a chemical 

process accounts for the slow i n i t i a l  consumption procere, and 

for  a continued consumption when current no longer f la ro  

through a porous nickel elrctrode.  

There are rawral key point6 that: the grsrent theory f i t s  

tha t  t lm electrochemical theory does not f i t .  In addition, no 

diaagreermnt has been found between the result. of imestigatiorm 

by various w o r k e r s  I n  tbe f i e ld ,  including the work t h i r  labora- 

tory has doae, and the theory. 

3% tray points are: 

I .  While the negative electrode b e C o l n a 8  more anodic with 

an incraase of oxygen greesurt ,  the consumption rate does 

not decreasa. 

2. 

an t  with a reaction involving atoms. 

3. 

oxygen wave. 

4. Peroxide is not found. 

5. 

md a f t e r  caraation of current. 

O t h e r  points tha t  are f i t t e d  equally vel1 by both thsorier 

The rmaLl activation enargy of 5 kcal/wle $8 conaiet- 

The polarographic curvar a t  li doc8 not exhibit  alp 

The consamption lags observed a t  i n i t i a t i o n  o f  current 

are : 

1. Prmsure varsai current curves are straight ltaas over 

wide regilme. 

2. 

3.  

Anodic s h i f t  of potential with increased oxygen pr@88Ur@%. 

KinQtiC8 oar0 order i n  Cd and first order in  oxygen. 
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4. 

bielectrode. 

5 .  

6. 

Consumption of oxygen on open circuit by the Cd 

Decreased oxygen consuatptton rete i%! a flooded cel l .  

Faster consumption of oxygen on aPsrchurga than on 

open cfrcuit. 

Thus thare are sloven exp~rimental facts, e ix  of which 

can ba equally satlsfled by both theories, but the other five 

a m  eatirfled by the cherplcall theory given In the prcsvloue report. 
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The charge efficiency of a nickel-cadmium cell is depemdent 

upon the eff ic iencies  of the two olectrodee. 

ciency" is ambiguous and requires some clar i f icat ion.  

t ion  a r i ses  from the expcrig+ntal resu l t s  cont8imd in t h i s  and tha 

previous quarterly report. 

Tho term "charge effi- 

This c lar i f ica-  

When a call i~ being chargrd a t  a current I, sane of t h i r  

current l e  producing 8 side reaction. 

converted to l f O O H  soma oxygeo is being formed by t b  oxidation of OHo. 

This, then provides one definit ion of a charge e f f ichncy .  

For exmple, while Hi(OE)2 i e  

A t  same later t h e ,  maswad ad charge Snput, there is a 

change of charm efficiency to 8 f a i r l y  l o w  value. 

by the Cd electrode. 

to a more cathodic voltage and simultaneously evolve geseoue hydrogen. 

For the purposes of t h i s  diocussloa, it is the change of dominant clac- 

trod@ process tha t  f6 more important than the potential  change. 

change of dominant process t8 termed paasivation. 

This iS exemplified 

ThU electrode exhibite 8 step change in potential  

This 

Thera i e  another term in cmmoa usage related to charge effi- 

ciency. This term fe the u t i l i za t ion  coefficient.  It is deffned as the 

r a t i o  of discharge capacity t o  the theoretical capacity. 

U S 8 f U l  tern, but it ir  confounded by the discharge rate and the charge 

sfffciency in the two selucs given &we. 

It is a qui te  

During the past quarter, additional work wae done on the 

charge efficiency as gwermd Or m o i w i o n  of the electrodes. 

wus inst i tuted on the charge efficiency concerned with s ide  reactions,  

Work 
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which, for  convenience is termed the current efficiency. 

"be current efficiencies of the nickel oxide electrodes were 

measured by means of special  cells which contained positlve electrodes 

and unimpregnated aegativce. For a given current a theoret ical  oxygen 

CoMumption rate can be calculated. 

values from the theoret ical  values indicate the arnaunt of current going 

Deviations of the e x p @ r h n t a l  

in to  a s ide  reaction. 

There are two posrlble aid8 reactions. One 56 the electro- 

chemical oxidatiou of hydroxyl ions eo oxygen and water, and the other 

is the formation of unstable oxides of Ii . Tha unstable 0 ~ i d 8 6  can be 

t ~ a s u r e d  by open c i r c u i t  prearrure changes W d i a t e l y  aftar charge. 

fiere i o  a coppplicaricm, however, since ce l la  w i l l  be used and oxygen l a  

consumed by the mgative electrodes. 

which alluus in t r rpre ta t ion  of the data. 

11 

A theoretical aarrlysla i o  preaented 

A., PBBSSUBB -8 At 21Il3 END OF CEARGE 

In the two pravlous quarterly reports in the vork on the 

charge efflcPency of the nickel oxids-cadmium alkaline ayetern 

raverat  e-es were shown which were indeed iatererting. There 

m the curve8 of tha presmre changes in a cell a f t e r  charging 

and evacuation. 

'ph. typiqal ampects of Gbaoe curve0 were tha t  the prasaureo 

at  first Lncreaaed rapidly, then e b y  leveled off and f i n a l l y  

r t u t e d  t o  &creme. 'Ich.80 curves arc t o  be sxpucted on the 

basis of the self-discharge proceases that  the p i t i v e  elec- 

trodes rxhibfe, and the oxygen reduction process tha t  occurs 

a t  the mgat ive electrode. 

Such exprfreantal data  can, at  least i n  principle,  afford 

information on the overcharge pPOCw38 and charge efficiency OP 



ide electrode8 have bean 8hasn t o  consist of an oxygen 

source vhich yields oxygen in two consecutive processes. 

p he f i r s t  proceee has a r a t e  coratenl: crpprarrimately 

pet dmte whila tha i 6  apgzox-hatsly 1/20 of this 

rate . *re ie 80me evide~nca for a th i rd  self-discharge 

process in which oxygen i a  evolved, and, if  it is also a 

11 
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the positive electrode. 

c~ntt8ct. la addition, ~ E ~ Q E I B B ~ F Q I I  can bs gained on the self- 

'phis is one of the objective6 i n  the  

discharge pracaesa6. This can be used ae an adjunct to 8- 

information already avalleblc on t b e e  procesre8. A thi rd 

area of infarmatiou w i l l  be on the oxy8en reduction p~rocess. 

"hi8 last procesr is a180 part  of the objectivva of the prer- 

eat work, aad separate experiments are reported i n  another 8.c- 

tion of thi.  report. 

In order to obtain msximum information fram these data, 

i8 neccerarg to  eligirute the affects of the second cmaecutive 

8 8 ~ f ' d i 8 C h a r ~  PrOC888 and thU 0-@3n C O l r s ~ t ~ O l 3  ptOCCrS6) 8 

m t h d  i r  asadad. 

consideration of the syatam we ara studying. The law th8t des- 

cribee t&e self-diacherge i8 lurcrvn as is the law that deac r iba  

oxygen reduction. 

explain the pressure behavior and soloin$ for  the i n i t i a l  tutemd, 

the derived function is the mathod u8ed for analyzing the ex- 

perimental data. 

sec t ion. 

This osthod ia 8uppliad by a theoret ical  

By u ~ f n g  tbase laus in d i f f e ren t i a l  form to  

'PbLS trea-nt is glwen In detail. In the next 

1. Theory 

oxygen evolution processes from charged n i c b l  ox- 



firhit order reaction, its decay C Q I U ~ ~ ~ I I ~ .  i o  ustimated 

t o  *be &aut  10 p%r mi.uute . Another oxygen ifvoh- 
-4 12 

tremby slaw. It ehall be zeglscttrd i n  th i s  treatmimi:. 

The oxygen rc!c!uction process I s  independent. of the 

about 2/3 atmmpi~rra partial pressure of sxy:yn. Above 

this pressure  the^ reaction is first order wieh respect: 

than for the hfgtcx prammure conditfon. In rrd&ltfon, when 

a cell  i a  compfatisly flooded so that all the active m!t5:r- 

id is b e l w  the tlactrolyta ’bevel, oxygen I s  s t i l l  r4- 

duced. %%e rete wmfmt for f:lo&ed criifli is smaller 

thau for unfl6ode.L ce l lo  . Q 

Xa order to t ; p t  up the diffcrantial  aqucetrians which 

as3umptfons w t l l  be made, for clarity and s inplicfty,  

which probably do not efgnificaritly tiafhct the canclub! l o w .  

F i r s t  we shall  a 8 9 w  thet only the EIPbt two rapid 8f I:?- 

discharge reactionti of the porpir:lve n f c b l  oxide electrode 

significanrt. hcond ,  WB shall am- that the t r d n s l -  

tion from the high praasure oxygen reduction reaction t o  

the pressure, but tmralIy substitute the  apprctpriate v k  h e  

de:aH.ndkng, upon tha preasurce! rangy$ ancaun&ereG In Che CSX- 

*The rate constant is that of a hateragenc%ouo reaction 90 that changgs may 
be effective changes correepondlng to different surface are08 or reaction 
s €tea. 



p r h n t s .  It is therefore, to be recognized that this 

sort of trcatPrant is a first approximation having (I valid- 

i t y  governed by the validity of the aarsurnptfons. 

For the electrodes involved in t h e e  experhats the 

nornraliaed oxygen evolution rate is, 

L 

inetaat of current interfuptioa, 

C - capacity of tb positive electrode expreeead 

in tb 8- unit8 as AO, 

k~~ 4 ttm rate conatante tor the two axggan evo1a- 

tion proc6asea, unito of reciprocal tims 

t - tima 

By aJultiplying eqoattoa with a factor, 4, it C ~ Q  be given 

in ternm of praosure. This equation is aaeded i n  the form 

of the derivative which ia the iucreiaae of preaeure due to 

the *elf-discharge reactions at the positive electrode, 

TIM 0xy-n reduction reaction, under the assumption 

d e ,  i a  8itFcIB simply by, 

w b r e  k 

gas p h w .  

ie the rete constant for O X Y S Q ~  roductlon from the s 
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The net pressure change in a cell a f m r  interruption 

of charge, p w i d e d  it I s  In otte~~h%*ge fo r  a suff lcfentfy 

loagperiod,  is: 

When both aides of the equation are rmaltfplled by exp(kgt)dt, 

the equation m8y ba Integrated. 

the cell i. evacuated at  charge interruption, we s h a l l  Peraly 

state tha t  at  t = 0 the pressure of oxygen within the cell 

i a  Po. usiag the80 boundary COnditfollLB, the f i n a l  form of 

Instead of a8arrPDing t ha t  

the equation la, 

f 

it can be men tbr t  the time to reach a maxiapum presrrure 

w i l l  be depndent upon tha i n i t i a l  preseuret. 

f a 1  exprermion may be derived from equation 5. 

the initial porcrsrure change rates tha exposrrat6 may be ex- 

panded aad the squared and higher term8 uaglectad yielding, 

If aqtuth  5 i r  different ia ted and set equal to  zero, 

b o t h e r  uee- 

To determine 

Equation (6 )  may nmv be different ia ted to yiald,  

Conalder equation (5). If the posit ive e1ecerodea are 

i so lated,  hg may be see equal to zero since oxygen reduction 

can not occur. '$hg rsaulting equation is then ldentisrl with 
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equation 1, as it should be. 

magnitude, the effect of the other teRPdl on the r igh t  hand 

s ide  is diminished. That is t o  say, t ha t  the snaximum pr@a- 

8ure rise is decreased as P is increaed.  It also follows 

tha t  the t b e  t o  reach a mexienrm preusure is decreaeed as Po 

%a increseed. 

reach the maximum preuaure w i l l  be zero. 

A l s o ,  as Po 3.8 increased in 

0 

A t  high enough valuer of Po, the tinv to  

Bquation (7)' indicates that  the pressure dua to oxygen 

within a cell i a  decreased continuouely, a d  it w i l l  a f fec t  

the in i t ia l  prerrure changes. Aa a matter of fact, when the 

second tern 01) the r igh t  hand s ide  i8 greater than the f i r s t  

term, there w i l l  be only a decrease in pressure. 

Fi t t i ng  of equation (7) t o  the data obtained in the lust 

quarterly report and during the quarter covered by thia re- 

part w i l l  constitute the remainder of t h i s  section. 

values of each constant terra w i l l  be ascertained. 

ing tha t  a l l  the k'8 remain unchanged, tha e f f e c t  of over- 

charge current an Ao vi11 be determined. 

temperature th effec t  upon i n i t i d  rate8 w i l l  be determined. 

'%he value of kg a n  be changed by flooding the cells. 

2. %perimsntal 

The 

By assum- 

Then by varying 

Several nickel-cadmium prototype cells were used. A 

diagram of one was ahom i n  Figure 6 of the Eighth Quarterly 

&pare. Tha diagram depicts Q pressure trmuducer. H f m e  

of the ce l la  used had a bsurdon tube preesure gauge, and one 

cell was equipped with the transducer. 

supply 

ducer. 

A constant current 
13 

was  employed across the potenti-ter of the trans- 

The output: was recorded on a Br%stoE Single Pen re- 
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corder scanning 8 t 4  iaches per hour. 

the recorder corresponded to 2 amospheres. 

The f u l l  scale of 

Cells were charged at a constant current obtained by 

bal laat ing 8 30 volt DC l i ne  supplied by a couatant poten- 

t ia l  source (a Wickere Weldhg supply). When each cell 

was in overcharge the grtssuxe was sdjusted t o  the desired 

level. This  waa rccanpliohed by evacuetion and/or prea8ur- 

h a t i o n  with oxygen. 

appropriate point the c u l l  was sealed and the current si- 

1 h n  the pressure was brought to the 

~ l t a n e o u s l y  interrupted. rihie technique vas employed not 

only during the quartes just  completed, but during the prior 

quarter. 'Ihe data taken and recorded in the 23i@th Quarterly 

have a lapae~ lu t h  hmveen char* Interruption and evacua- 

a. oxygen Decay curves 

In order to obtain an order of magnitude for kg under 

varioas coaditiom, artygen preoaure decay curves were de- 

termined 011 a cell when €n an unfloaded condition, and 

also l a t e r  when flooded. a e a e  data arc sham In 

Pfgure 9 .  T ~ Q  ef fec t ive  rate conetont for an unflooded 

cell is apgroxknately 50 times greeter than for  a flood- 

ed cell in the higher pressure region above 2/3 atms- 

pherea . 
b. W l o d a d  Cells 

The pressure changes encountered in aealed cells 

are expected eo follcrra equation 5 .  cell was charged 
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at C/lO for 24 hours a t  77OF ( o i l  bath). 

adjusted at zero fo r  the EPrst run and 1/3 atmosphere 

higher on each run thereaf ter  u n t i l  tlm i n i t i a l  pressure, 

Po, WJBS 1-1/3 atmapheres. 

don tube, ares read visually.  

versus t i m e  is sham in Figure 10. The i n i t i a l  ra tea ,  

at  which the preesures rise, decrease w i t h  an increase 

i n  Po. %a 1~~ximum pressure rise 8180 decreases with 

Po u n t i l ,  w i th  the cell tes ted,  at  1-1/3 atmospheres 

there is PO perceptible rise at al l .  

cay after the nuxinrarm Ls reached appear8 t o  increase 

with lncreaelng Po, and the tlme t o  reach the maxLosum 

alppaars to steadi ly  decrease w l t h  an increase in Po. 

Tbe i n i t i a l  pressure rise as a function of Po is 

The preseure 

'pha pressure gam,  a b u r -  

A plo t  of the pressure 

sfha pressure de- 

sham In Figure 11. 

s t r a igh t  l ina  s h  i n  t h i r  Figure is: 

fie equation tha t  fits the 

p 0.070 - 0.053 Po. ($1 Rillit 

Equation (8) haa tha bdima form a~ (7). 

The tims for the pressure t o  reach a amxlmum value 

is plotted versus the i n i t i a l  prelrrrure I n  Figure 12, 

and the auxl.ua pressure rise I s  plotted egainst the 

i n i t i a l  pressure ia Figure 13. 

%%e dets of the last quarterly report for i n i t i a l  

pressure rue a t  sev~ral  low tempetatures are plotted 

versus the charge rate fn Figure 14. 

were used. 

not hme a prasstarer rise, th8@ data were extrapolated 

to the origin. Theset data will s a t i s f y  equation (79 

Three charge r a t e s  

Since a cell that ia not charged a t  a11 can 
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when Po is set  equal t o  zero. 

Burg rise a t  each eemperaturs its dependent upon the 

charge rate, A' must be dependent upon the charge rate, 

The slope of each l i n e  is therefore given by (c&(kl+k~).  

Since the i n i t i a l  prcs- 

But klW20 5, and the activation energy of the rate con- 

8t8nt kl may be obtained by taking the s lop  of 8 plo t  

of the relative s lops  of Figure 7 against the recipro- 

cal of abrolute temperature. This is sham in Figure 15. 

'phis slope corresponds to an activation energy of 3.92 

kcai/mie. 

C. Flooded Cella 

Since the ozcygga consumption rate ia decreased by an 

order of magnitude or more when a cell is flooded, equa- 

t i on  (7) becopas eimplified. 
d 

The last term may be 

neglected while taking the i n i t i a l  ram data. 

Cells wero flooded u n t i l  the e lec t ro ly te  waa abwc 

the level of the  plates. 'Ithe pressure transducer war 

used to recard the changes. 

0.6A charge rate at 77OF are given i n  Table I. 

The resul t8  obtained a t  a 

It is 

seen that the i n i t i a l  pressure increase r a t e  is essen- 

t i a l l y  independent of the i n i t i a l  oxygen pressure. 

The t o t a l  amount of r i a c  ia also v i r tua l ly  independent 

of the i n i t i a l  pressure. These are the r e su l t s  t o  be 

expected for flooded cells on the basis of the theory 

developed. 

An example of the s t r i p  chart  record is shown i n  

Ffgure 16. Is is men  that  aEtsr a suf f ic ien t ly  long 
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time the pressure does decay. 

when the elapsed t h  is long enough to invalidate 

the necessary aeaumption for in fe i a l  rate data. 

ThU fe t o  be expected 

It is poaeible eo have f l d a d  oealed ce l la  accept 

an overcharge. This is achieved by contlnued ventlng 

of the c e l l 6  when zhe prssauree reach about 100 PSIG. 

When such cel la  are i n  overcharge, apparently nearly 

a l l  0xy-n tramfeu is from the positive electrode in 

8 dissolved form. If t h i s  is trw, then no pressure 

rue is expected. Figure 17 shovs that thia, indead, 

Is what occurs. 

B. ~ B L E C T E ~ c g L L S  

¶%e blank electrode cef le  were described earlier. They are 

ident ical  with the prwiously described cells, but the negatives 

8re ttnimpregnated. These cell6 are  pressured with oxygen and 

then placed 011 charge. 

charm. If the oxygen comumptlon rate i a  less than theoreti-  

cal, the difference is ascribed to oxygen generation a t  the 

posltlvele which decreases the current efficiency of the aystcmr. 

Qglygen w i l l  then be consumed during 

The r e su l t s  reported here are preliminary In nature. In- 

ternel  checks on the method were obtained using a stlver mode 

in place of the Rt (OH), onode. 

p r h t r i l y  for a0 lrmestigation of the oxygen reduction reaction. 

Several were constructed wfth refarence electrode. These data  

8r8 presented elsewhere in this Paport. 

These cell43 wetre constructed 

1. The- 

When current ia passed through a 1oP (OH)2 - blank or 

Ag-blanbs cell there are electrochemical proceases occurr- 
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ing at  both electrodea. For the 101 ( O m 2  electrode we 

p t u t a t e  thl? followiq: 

(9) Ni (OH), + Of' - 's lioo8 +. azo+ eo 

(10) 4 o r  

i 

i 

L 

.-> oa + 5 0  + 4e" 

(11) H i  (Om, $. Or -Al t as= . 
Equation (9) i8 the comreraion of the diecharged materid 

in to  active muterial. Equation (10) represent6 the p080i0 

b i l i t y  of the direct evolution of oxygen by an electrocham- 

ica l  proc8rs. E q u t h  (11) is the s2ectrocbmical formation 

of the unstable oxygen source". This 8ouTc8 decay8 into a 

second tource, A2, with the 8 h l t a ~ 8 0 ~ 8  evolution of oxy$en. 

A decays again releaeing additionaa oxygen. Thebe decompo- 

ait ians may entirely account for the amen found, eliminat- 
2 

ing the mceasity of postulating the oxidation of hydroxyl 

ion given in aquatian (10). bgsrdlcao of the particular 

mechanfsm, any current going into the reactioaa 10 or 1% 

w i l l  be widencad as uxygen. It fa t h f s  fact  that make8 

the zmthod of rtudy u8cd here e feasible method. 

At the silver d e ,  the followiw reactions occur eeo 

Quent %ally : 

(12) 2 Ag + 20f A%o %o i- 2a' 
i 

i 
(13) a 2 0  + ZOR- -*o -t E o + 2eo. 

Equation 10 is postulated 88 a possible ride reaction, es- 

pecially durgng c h a r ~  a t  the upper plateau correrponding 

t o  equation (13). %e potential will determfp@ the pro- 

ceases occurring. Equation (12) occur8 et a potential 
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less anodic than equation ( 9 ) ,  buc equation (13) requires 

a more anodic potcntPa1 than equation ( 9 )  increasing the 

likelihood of the oxidation of hydroxyl ion. Of course, 

th i s  must be tempered by the atemoftage of oxygen u p  

the electrode iwolved. 

is 

is 

is 

at 

Coa8ider the etrporhntel cell. It hss 8 gm volume V, 

charged at I amperes et an absolute temprature T, and 

pressured with oxygen to P atmsphere8. When the oxygen 

consumed a t  the mgatiwe blank electrode, it must do so 

a rate proportional t o  the current. Weiq the ideal gaa 

law, we m y  write the prassure decay as: 

where n is the number of moles of oxygen consumad and the 

other qmbot  have their usual significance. Multiplying 

by the number of alectroaa required to produce a mlecule 

of oxygen, 4 I, and ueing ths relationship (I - Avogadro'e 

number 1 

where F is the faraday of e lec t r ic i ty ,  

Equation (16) therefore represents the theoretical  rate of 

oxygen conaumptioa, d Ls expected to hold u n t i l  the oxygen 

preoaure decreases to the point wherg ehpS procera no longer 

occura. A t  t h i s  time I t  l a  expected that  the potential  w i l l  

increase as the blank electrode change8 from an oxygen con- 
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sumption electrode into a hydrogen evolution electrode. 

The pressure ri8e dur ing  hydrogen evolution should 

occur a t  approximrtaly twice the rate at  which oxygen 

i8 consumed, riace only 2N electrons are requlred t o  

produce a mole of hydrogen. 

2. Rerulta 

Sewera'b callla were prepared for t h i r  work. 

-6 were determined by a 808 erpanaion procedure. 

cell care and cover with a pressure g a u e  were used t o  

form a pres8we verrel. 

water. It was preotured with N2 (Re gavt the e- re- 

8 U l t O ) ,  coaDccted t o  the evacuated cell, the volume of 

which waa b a i q  determined. From the presaure drop, the 

volume of the cell war determined. 

3% c d l e  vere evacuated, then pressured with oxygen 

The vol- 

A 

It6 volume vas determined with 

to appraxhktely 50 PSIG,  During a 0.6 A charge, the 

prerroure decay rater were masured manually, and data 

taken c o r r e s p o n d i ~  to  oxygen consumption, and f ina l ly  

into the region of hydrogeu evolution. The terminal volt-  

age vas 6 h k a n e o u r l y  mtarured. 

Typical data for a nickel-blank c e l l  are 6h-n in 

Figure 18, and for a sl%var-blank cell  are shown in PigA 

ure 19. 

voltage l a  f a i r l y  stable,  even a t  the  lawer pressure 

region. The 8barp rise in voltage occur8 la the neigh- 

borhood of the hydroen evoht foa  ragion. The f la t t sn-  

ing of the curve at the  higher oxygen pressures i r  not 

During the oxygen consumption period the cel l  
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unexpected. The Nernst equation for 8 hydrog@n electrode 

Beads one t o  expect the voltage to be proportional t o  the 

logarithm of hydrogen pre8sure9 which accounts for  the rela- 

tively law rata of change of terminal voltage w i t h  increm- 

ing pres8ure. 

The pressure behavior is, i n  most respects,  t h a t  which 

was predicted i n  the theoret ical  section. 

8uaed a t  a rate approximately related t o  current. Rydrogen 

is evolved later a t  approximately twice the rats fo r  oxygen 

consumpt ion. 

Oxygen 28 con- 

The f i r r t  cell investigated i n  th ie  marnet w a s  i n i t i a l l y  

used for  other experiments, and it turned out tha t  the posi- 

t ives  were nearly ful ly  charged. 

given i n  terma of the deviation of the slope from the theo- 

r e t f c a l  slope. 

The charm eff ic iency is 

f t  averaged 29% low.  

A cell u8ing silver anodes and blank cathode8 w a s  next 

imre8tigcrited i n  both the oxygen comumption and hydrogen 

evolution region. These resul t8  are given i n  Table XI. A 

8ecolrd nickel oxide-blank cell w a s  mudo. In t h i s  case the 

e1ectrodes were discharged i n i t i a l l y  80 t h a t  changes i n  

eff ic iency could be determined as a function of the s t a t e  

of charge. fiere dr ta  are a l so  in Table 11. . 

etaere data  are considered preliminary in nature. The 

erroru in measuriagvolume and current is s m a l l  enougb to  

be ignored. The prersura p~earurelpentr from which the rate 

determinations arc mde i r  estimated t o  be about 3%. An- 

other 80urce of error  I 8  i n  the um of the idea l  gas law,  



and may elso be a few percent. 

The rate determination errors should be random. The 

#e of the ideal gas 161w w i l l  yield results that are low, 

so that the ne& reeult io that Table I1 would huve nega- 

tive sign6 indicating negative deviations. 

A8 a f i r s t  approximation we may neglect the errors, 

and give the charge efficiency of the poaltiva electrodeo 

aa shown i n  Figure 20. Them 3 pointe, represent the aver- 

age value8 of oxygen cowumptfon deviation from theoretic8l 

In tha intervela indicated by the horftontal arrarr. These 

are for VO-6 Bs type positive electrodes charged a t  7S°F a t  

C/10. These points do indicate that the current efficiency 

of the positive electrodeo i r  aIway8 laas than unity and is 

dependent upon the state of charge. The decreasing effi- 

cieucy indicates further the need for overcharge in order 

t o  completely convert the Ni (OR), into the higher oxida. 

C. ~ I L r z A T I ~  OF ACTIVE MATERIAL 

1. Experimental Rocadures 

E i g h t  6 ampere hour hermetically sealed cells were em- 

ployed in groups of four cell8 t o  complete the controlled 

potential charge efficiency tests a t  temperature0 of SO, 

25, 0 and -1SOF. 

brought to o w  of the oellectcd tempraturee; then o m  cell 

of 8 group was charged a t  one of the test potentials which 

were 1-45, 1.510, 1.55 and 8.60 volt8. ¶'he charging proced- 

ure and circuit  employed ha8 been described fa detail  in 

Each group of four ce l lo  were f i r s t  
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the Ninth Report. 

were monitored a t  frequent time intervals. The ampere-hour 

input a t  any t ime during the charge was determined by inte- 

gratton of the current-the curve obtained by ue8m of a 

single! pen recorder model. 

again determined by ignition. 

mhe presaure changes during each char- 

The type of gas evolved was 

After completion of charge, each cell was diacharged at  

3A to 1.0 volt .  

2. Expc r h n t a l  Results 

7 3 ~  curves relating pressure changes during charge to 

charge input at the experimental temperatures and poten- 

t i a l s  are given i n  Figures 21 - 24. It may be seen tha t  

the chaqp iuput raquired to produce gcu Qcrearea aa the 

charge potential l e  increased, while the input increases 

u the temperatare €8 decrereed from SO" t o  2SoF (Figures 

21 .nd 22). 

the order of gas in i t ia t ion  is reversed with regard to 

charge input, that  i e ,  charge input for gaa onset de- 

crea~eo ae charge potential is deereslred. 

(Figure 24) the  order Le again reversed and is the 8- a8 

ia  given for the 50' asxi 25O temperatures. 

version point8 were obtafned which may be again implied 

from an examination of Figure 5 ,  w h e r e  charge potential 

ir plotted versus charge input t o  s t a r t  pressure rire. 

The iuveraiont are indicated c l ea r ly  by the near-aeymmtry 

of the Oo to 5OoF isotherm aad the dirplacement of the 

-15O &sotberm, which i8 aut of sequence. There appear8 

Hcwever, et the Oo temperature (Figure 231, 

A t  -15OF 

'~rhor two in- 
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t o  be an inversion charge potential in the vic in i ty  of 1.553 

vo l te .  

t ion of charge Input for ga6 production, the graph I8 more 

informative than Figure 25. 

ia tvrrect  in two points, COrre8poadiag to two inverrloas 

in the requence of char- input. Tbe inverrion tempera- 

tures are a t  approximately +10 and -109. ft rhould  ala^ 

be noted that the gcaoae evolved (rhwn a t  the dotted l i n e  

isotherme fa Figure 26) vas oxygen a t  50 and O°F and 

hydrssn at 2SoP and -15%. 

In Flguxe 26, whtre temperature i8 sham a6 a func- 

Thg equipotential contours 

s e e d y  state prearureo a r d o r  pressure rire to 150 FSIC 

were obtained throughout the tests. 

that  tba magnitudes of the developed cell prarsuree increase 

with lacrearing charge potential  and temperature. Thio 

applier t o  Ote~tdy s ta te  ca808 aa well a8 those fn vhlch 

I50 PSIG war reached during chaurge. 

Figures 21 0 24 show 

The capacities of the cells upod diecharge a t  3.0 amps 

t o  1.0 volt  are given in Tubla 111. 

I). DISCUSSIOM 

Tbe theory developed t o  help interpret  the presrure changer! 

data obeaimd +iftar charge did yield Iruethamat;icalt exprarrlonr 

that  aze in agreclmant with experbunt. Frau application of 

th is  tbory it 10 deduced frar Figure 14 tha t  the amaunt of 

the f i r o t  unntabfe nickel oxide forovld is dependent direct ly  

upon t h  charge! current a d  is also dependent upon teuqerttura, 
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The blank cell work shows tha t  t h a n  is a side react ion 

tha t  is responsible for  a current eff ic iency of le88 than 

unity. 

o ta te  of charm of the poeihiva electrodes as seen in Pig- 

ure 20. Thio indicater the need for  8n merchargs in the 

nickel-cadmium system io order to obtain f u l l  capacity. 

The eff ic iency dm8 appear t o  be dependent upon the 

14 
It has been previourrly reported that at  l o w  charge 

rate6 tha capacity of HI-Cd cal la  I s  decreased. 

these da ta  l a ,  ahown I n  Figure 27. 

ac i ty  a t  thc larar c h a r p  rates is due to formation of uno 

at8ble oxides, t b n  00, would expect tha t  tbm amount8 formed 

8t lrwar charm r8t.l rould not decrease. 

they do bcr sue .  

reaction r u p o r p i b l e  for the l e rmntd  capacity at low charge 

rate8 ir due to  the maerat ion of oxygen a8 given in equa- 

tion (10). 

the silver electrode i r  reel, instead of containing rn error 

of emparuble magnitude due? to use of the ideal  gaa law, 

then o m  would prerumr that equation (10) a l r o  occurs in this 

sy6tem. Generally, the charge eff ic ieucy of tb silver-cad- 

mlum ryatera 3.8 high, 96 to 98%. 

of t h i s  work and the resul ts  of others on the  charge eff ic iency 

tendr to provide additional support for the conclusion t h a t  

hydroxyl ion converted electrochemically to  oxygen and water 

ie the side react ion responslble for the luuered charge 

e f f  iciencp of the positive electrodes.  

A plot of 

I f  t h i s  fa l l -off  of cap- 

&periment.lly 

It L therefore prerunrad t h a t  the parultic 

If the zmgative deviatioxu~ gdren in Table I for 

%'be agreenmnt between the r e r u l t e  
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The controlled potential charge oatthod is conslderably 

more complex in arnalystr than the constant current method. 

However, if the controlled potential charge curve8 are 

characterized by their  component par ts ,  the factors affect-  

ing cell behavior udtr controlled potential  charge condi- 

t ions w i l l  b8 uncovered, 

In Figure 28 is shown a typical set of  controlled poten- 

t i a l  charge curveb obtainable a t  any temperature under the 

sxperirPcntal conditions. 

controlled potwttlal charge curves are ftsparable into three 

parte: (1) a limltlng current region, which i8 in r e a l i t y  a 

constant current charge; (2) 8 current decay portion; and 

(3) 8 plateau region, which m y  be regarded M a second con- 

stant current charge. 'Zttsao curve8 should be i n  -my X e S p e C t 8  

slmilar to a amp-type charge, and indeed t h i s  l a  mapported by 

the data. 

each portion of a given cumre varied with charge potential  and 

temperature io a specific manner independent of the remainder 

of the curve, but in 8 defini te  re la t ion  t o  other curve8 i n  

the group(s'). 

increased in length a8 the potential and temperature increased; 

the slope of region 2 increaaed in magnitude with increasing 

potential and temperature; the current a~sroclaeed with regiona 

(I)  and (3) incrclaacd with increasing potential  and tempera- 

ture. 

It will be seen tha t  any of the 

It w a ~  found during the cmrm of the tea t s  that  

Tbus, it was found t h a t  region 1 in th i s  fsgure 

La prcoious work with constant: current charging, it was 

found that the cfficlencp of the  positive is enhanced as the 
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currant 18 increased, w h i l e  the efficiency of the negative 

fa Pncreased as the current is decreased. The side reaction 

associated with efficiencies < unity are ths oxidation of 

water a t  the anoda to form oxyggm and the reduction of  water 

at  the cathode to form hydrogen. Fu r themre ,  the negative 

is depolarized by oxygen reacting with adsorbed hydrogen on 

it t o  f o m  water. It waa also indicated tha t  the xels t ive 

cfficienciea of the elaceroderr determine cell behavior during 

charge. With these factors a t  hand, the controlled potential  

curvea will now ba treatad in taran$ of electrode efficiencies.  

A n  examination of Figure 28 shows that there are three 

d i s t inc t  types of curve8 t o  be atudied: 

Case I. The l i m i t -  currant 58 of s u f f i c b n t  duratlon to 

fu l ly  charge the positive. Under these clrcrmas. 

iatancee the p o s i t b e  haa art efficiency mar unity,  

because we are g o i q  into overcharge at  constant 

current. hrtbrmore, ahortly a f t e r  region 1, the 

current decay8 rapidly,  and the poeitive is becoap 

ing relatiwelp l e ~ e  e f f i c i en t  then the negative, 

especially a t  the low plateau current. Consequently, 

a f t e r  acygen l a  conaumed for  depolaritation of the 

negative, excel8 oxymn w i l l  be ewolved t o  150 PSIG 

oc 8- 6-W pressure w i l l  be achieved. 

Cost 11. The l i m i t i l s g  current is not of auff ic ient  duration 

(See Fig. 2%) 

- -  
eo fu l ly  .Ck-*-- the ‘p0aii;iVs. 

There are two poseibilbitiea here: ( 8 )  full  charge of 

the positive may be attained a t  some point on the de- 
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cay portion (region 2) or (b) not. If the former 

€8 the C8e)eS then the positive b e C o s l g 0  ineff ic ient  

later than in Ceee I, while the negative is rela- 

t i v e l y  inefficient for a longer period of time a t  

thi8 hi@ current. Thus hydrogen w i l l  be evolved 

a t  UO PSIG or etaaady state (8ee Figure 22). Xf 

(b) is the ease, the current w i l l  decay rapidly, at 

8- point the negative w i l l  be effect ively &polar- 

ized, the current w i l l  f a l l  to  a las level t o  en- 

hrnrr mgatirr; efficiency, and oxygen w i l l  be evolved 

(oee F i w r  23). 

Clue 111. T k  lieit- current is 80 law und the length of the 

decay portion 80 10118 that  the rrsgative is again 

re la t ive ly  lese e f f i c i en t  than the porit ive so that 

hydrogrn ia evolwsd. 

picted by Figure 24. 

etive occurs very sluggishly et  t h i s  low temperature, 

oince the reaction t o  form water is not electrochemi- 

c.1. 

In regard t o  Ptgures 21 

noted that arch case given was want to explain the 

behavior of indiwidual curve8 within a group and not 

the whole groups 

u group. But, the cxplamratioas gtven abowe were de- 

sfgaad to hdicata the many ways that  the faceorrs in- 

volved could coprbllae a d  influence electrode e f f i -  

ciency a d  lead to the inversions aham in Figure 26. 

This is clear ly  the ce8e de- 

Also, depolarfiatioa of the nag- 

24 ci ted &ova, it should be 

Probably a l l  cases may accur withtn 
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Although the c d l e  had varying charge inputs, the 

discharge date given in  Table Iff are useful, 

rlnce In m e t  instances, the cells w e r e  allowed 

to  reach 25% or better overcharge which ia suffi- 

cient, sa indicated in  previoue reports, t o  estab- 

lieb ce l l  capacity. 

that cell capacity inctaaseo an the charge poten- 

t i a l  i n c r e ( ~ ~ a ~ ,  and decreases aa tb temperature 

decreases, 

tainable from Figures 21 - 24, Lndicate that the 

optlnmnm charm potential and temperature consist- 

ent with the cr i ter ia  of la# pre88urea rea8onable 

duration of char- and safe overcharge currents, 

would be 1.50 volts a t  2508. 

yield 7.0 AHout, for 9.3 AH in, with a developed 

presrure of 23 PSU. 

It can be seen ZlaPedimtely 

These data, aloag v i th  the result8 ob- 

f i l a  relactioa would 
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V. IBlPRO?ZD ELECTRODES 

&search and development efforts on nickel-cadmium c e l l  elec- 

trodes were a h d  a t  improwing the energy to weight end energy to vol- 

ume r a t i o s ,  with the primary craphasie, placed on the former. 

tha t  an increase i n  the  ampc2re-hour capacity of an electrode of a fixed 

size and weight, would r e su l t  not only in a be t t e r  weight eff ic iency,  but 

an improved volume efficiency as w e l l .  Our approach was  such t h a t  an im- 

prowermsnt i n  one area meant an improvgxnent in the other o m  also: 

It was f e l t  

The Gulton VO-€it$ seriecs cell8 which have been designed specif- 

i c a l l y  for  space applications are mch tha t  about 55% to  60% of the t o t a l  

cell weight repraaents ehe weight of the pooitive and negative plates.  

Consequently, about 8.061 t o  0.066 smpere-hours/gm of pla te  are required 

to achieve a 20 watt-hour per paund r a t i o  for  a cell (0,061 AH/m me 

required for the TO-20 HS ce l l  and 0.066 AH/- are required €or the V0-6HS 

cell t o  achieve the 20 watt-hours per pound). 

w i l l  be discussed i n  terrrBef w e i g h t  grain or AB capaclty achieved per unit 

For theoe reusoris reaulto 

weight of plate.  

Development e f fo r t s  to achieve h i ~ h e r  p la te  loadtng have been 

concentraeed on sschniquas to ef fec t ive ly  'load more di8SOlved nickel rand 

cadmiun: into the s tn te rsd  carbonyl nickel plaques. Nickel n i t r a t e  etnd 

cadmian n i t r a t e  w e r e  dissolved in Bow surface tension 6 0 l ~ ~ t n t 8  in such 

concentration t h a t  one cc of solution contained one gram of the e a l t .  

The pla te  war immersed i n  the eolution, dried,  a d  the n i t r a t e  converted 

to  the correrpodfng hydroxide by traement with KOR. The pla te  was then 

warahed to remove excess KOE and dried. "hie cycle va8 repeated u n t i l  the 

desired pickup was achieved. 

into vented, flooded cells and charge-discharge cycled u t  the two kour 

The hprcgneted plates  w e r e  then assembled 

r a t e  t o  det@rmins the AH capacity. 



39. 

In  the ear ly  phases of t h i s  program impregnation of plaeee 

Cd (#03)3*4%0 (mop. 59.4OC) using molten salts were a180 examined. 

and Bi(#03)2*630 (m.p. 56.7%) were heated to 8OoC and wed i n  the 

iq regna t ion  cycle described above. Wowever, a f t e r  tsJo tr i tals,  the 

r e su l t s  achieved by t h i s  technique were so poor compared eo the low 

surface tm6ion r o h e n t  msthod tha t  t h i s  approach was abandoned. 

I f  tha active materiala arc  us@d with a 100% efficiency 3.46 

gm9 of Ni(OH)2 and 2.72 gars of Cd(OA)Z (the active material while tb 

cell is i n  the dl8charge s ta te)  are required for one AH of capacity. 

Earl ier  work had shown tha t  while  the positive active material can be 

u t i l i zed  with a 100% efficiency, the negative QIX i o  only 80% e f f i c i en t .  

'221ir mean8 that 3.48 gmr of Cd (OH) 

In addition, €or ouccecsful realed cell operation, an exces8 negative 

capacity is desirable. 

required for overcharge cepability, the amount of Cd (OH)* nmded for 

o m  AH is increased t o  4.42 gm. That brings the total amount of ac- 

ti- materiel required to 7.88 grama /AH for a sealed cell. 

are required for one AH of capscfty, 
2 

h o m i n g  t ha t  a 30% excess negative capacity is  

Rerullta of active material impregnation using low surface 

tension BOlVent8, are sumnarilced i n  Figures 29 t o  31. 

Figure 29 ebows the poaitive active material plckup as a func- 

tion cycler. A8 may be 8een, the pickup is uniform for the first three 

cyclee, but a$ the plate  becmee loaded, the pickup diainishee. As eha 

figure indicates, a continuation of the impregnation cycling would i n  

a l l  probabili ty r e su l t  in an eveu greater pickup. 

been to achieve a certain plate loading, and after t h i s  go81 had been 

achhved, the process WEIS 8tOpPed. 

However, our aim has 
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Figure 30 sham the active material pickup for negative plates. 

As may ba seen, a much higher loading is possible for 8n equivalent aega- 

tive plate. 

match the desired capacity baaed on the mailable positive capacity. 

exceas negative capacity beyond there whfch is required merely serwes to 

reduce the watt-hour per pound ratio of the c e l l .  

In fact ,  four t o  five cycles would hav8 been s u f f i c i e n t  to 

Any 

Figure 31 8hW8 the actual AH capacity achieved when the cella 

ware cycled at  the two hour rate. 

positive aud negative plates ,  assumiw that the weight distribution be- 

meen poeitive and negative plates are divided in a ratio of 45 eo 55. 

As may be 8-0, we have achieved B figure of 0.0658 AH/- of plate, or 

2Owatt-hours per pound of cel l  when discharged at the two hour rats  to 

1.0 volt per cell. 

Values are based OQ the weight of both 



41. 

VI, C O ~ S I O r l  

%his report  is the laet of a eeriea of Quarterly Reports 

These LO reports contain the rarultcl of under Contract U S  5-809. 

experha ta l  work to dmfgn, develop and manufacture s torag.  bat ter-  

ies for  aetall l i tee.  The last 3 report8 of the rcrieo include, in 

addition, work on electrode improvements, charge eff ic lency a d  a 

fundanmntal investigatton in to  the reduction of oxygen a t  the nega- 

tips electrode of the sealed sintered plated nickel-cadmium system. 

"he highlights of the work parformed w i l l  be reviewed and 

prerented i n  a Final Report. 

a d  findings of tho ten quarters during which the contract  ran. 

Thfr report  w i l l  aumnsrize the advances 

S a w  s igni f icant  advancer have been made under this con- 

tract and k l t o n  Industrier expresses t he i r  appreciation t o  NhSA for 

t h e i r  support . 
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A. Lyrll Chemical Engineer 

H. -hen Physical Chbmie t 
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Figure 29 Weight Gains of Positive Plates 
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Figure 30 Weight Gains of Negative Plates 
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Figure 31 Ampere-Hour Capacity Gains as  a 
Function of Impregnation Cycles 
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